which vary spatially and temporally (Fitter, 1994). However, despite the well-known morphological and This study investigated the response of root proliferaphysiological responses of roots to patches (reviewed by tion, plant N capture and soil microbial activity in a Robinson, 1994; Robinson and van Vuuren, 1998) , little Lolium perenne sward to L-lysine (15N/13C dualis known about how attributes of the patch (i.e. size, labelled) patches of contrasting size and strength.
Introduction a net benefit may not occur ( Fitter, 1994 ; Eissenstat and Plant root systems growing in soil obtain much of their Yanai, 1997) . Consequently, for roots grown in nutrientrich patches it is important to quantify the demography nutrient supply from discrete 'patches' or 'hot-spots', of the root system rather than just biomass, which can greatly underestimate overall root production (Hendrick and Pregitzer, 1992; Fitter et al., 1996) .
As a simple experimental model to understand how patch attributes influence N capture by plants from a patch, the response of roots to a simple patch material (-lysine solution) was examined, presented in various concentrations and volumes (i.e. different patch size and strength). Dual-labelled (13C and 15N ) -lysine were used to monitor uptake of C and N, and to follow decomposition of the patch. -Lysine solution was chosen as the patch material because (i) amino acids comprise a large fraction of hydrolysed soil organic matter; (ii) they are often present in soil solution; (iii) they are released by the plant root through exudation (Monreal and McGill, 1985; Jones and Darrah, 1993) , and (iv) -lysine has a net positive charge and hence is more strongly adsorbed to soil (Jones et al., 1994) , so that an -lysine 'patch' will roots into the central section of the tube, (B) the perspex gas/patch be longer-lived than a patch of a more mobile, neutral or injection tube, (C ) the glass mini-rhizotron tube, and (D) rubber negatively charged amino acid. Thus, -lysine was a stoppers on the two tubes. Patches were injected down the gas sampling tube at a depth of 10 cm. At harvest the soil core was divided into realistic patch material, but added at greater concentrathree sections (top, middle and bottom) each of 6 cm depth, and roots tions than those of amino acids found in bulk soil were extracted from each of these sections. The microcosm units were (typically only 1-50 mM ) because the aim of this study embedded in the sand at the base of each box unit to a depth of 2 cm. Each box contained 6 experimental microcosm units containing L.
was to use the -lysine to create N-rich microsites within perenne seedlings only. The remainder of the box was planted with a otherwise N-deficient soil. from the patch would be related to proliferation of roots in the patch; (ii) that proliferation of roots would be and remainder of the box space were filled with this 50550 mixture of sand and soil packed to a bulk density of 1 g cm−3. greater in patches of higher concentration; (iii) that the The background total N concentration of the sand5soil mix size of the patch would alter the proliferation response was 0.9 mg N g−1.
by the roots: specifically that there would be less proliferaTwenty-four seeds of Lolium perenne L. cv. Fennema tion in larger patches, and (iv) that microbial activity (perennial rye-grass), supplied by Johnson Seeds, Lincolnshire, would be related to patch size and concentration.
UK, were planted into each experimental microcosm unit contained within the boxes on 24 March 1997 (12 in an outer circle of 6 cm diameter and 12 in an inner circle of 4 cm diameter). The remainder of the box (i.e. the space in-between Materials and methods the microcosm units) was planted with a mixture of Trifolium repens L. (white clover) (supplied by Emorsgate Seeds, Norfolk, Experimental design UK ) and L. perenne seeds. The purpose of the mixed L. perenne Six large (45×30×25 cm) freely draining insulated boxes were and T. repens turf was to buffer the experimental microcosm filled to a depth of 7 cm with medium sand (Leighton Buzzard, tubes contained within each box against fluctuations in external Double Arches 16/30, particle size c. 0.7 mm, Hepworth temperature and to produce a realistic microclimate around the Minerals and Chemicals Ltd, Cheshire, UK ). Into each box, microcosm units. All seeds in the microcosm units had six experimental microcosm units made out of a section of PVC germinated after 1 week. Seedlings were left to develop for a pipe ( length 20 cm, I.D. 10 cm; Fig. 1 ) were inserted into the further 58 d before the patches were added. After patch addition sand at a depth of 2 cm. Each microcosm unit had two holes the experiment ran for 56 d between 28 May and 23 July 1997 cut to allow insertion of a glass mini-rhizotron tube (25 cm to ensure the added patches had decomposed fully. The mean long×2.2 cm E.D.) at an angle of 45°to the horizontal. In temperature over the duration of the experiment (i.e. until 56 d addition, a smaller hole was cut to allow placement of a after patch addition) was 17.8°C (SE±0.33) with a mean daily solution injection/gas sampling tube (15 cm long×0.3 cm I.D.) maximum of 26.8°C (SE±0.67) and mean daily minimum directly above the mini-rhizotron tube. At the top of each tube temperature of 15.9°C (SE±0.33). Irradiances were recorded the top 2 cm section of a PVC funnel was placed to direct the at weekly intervals and ranged between 550-1600 mmol m−2 s−1 roots into the middle section of the tube where the patch was at plant level. to be injected. The mini-rhizotron and gas sampling tubes were sealed with rubber bungs (Fig. 1) . The boxes containing the Patch addition microcosm units were maintained in a glasshouse throughout.
A medium loam soil, collected from a site at the University To test the response of L. perenne seedlings to an added organic patch of given strength and size, and their ability to acquire N of York, was sieved through a 2 mm mesh. To reduce its nutrient status, it was mixed with an equal mass of medium during its decomposition the following treatments were applied:
(1) 1 ml of 1 M -lysine solution; (2) 1 ml of 200 mM -lysine sand (particle size c. 0.7 mm; as above). The microcosm tubes solution; (3) 2 ml of 100 mM -lysine solution; (4) 5 ml of image was c. 7 mm in diameter. Images were recorded at 0, 6, 10, 14, 20, 24, 28, 34, 38, 42, 48 , and 52 d after patch addition. 40 mM -lysine solution; (5) 1 ml of 40 mM -lysine solution, and (6) 1 ml of deionized H 2 O (control ). Treatments 2, 3 and Images from selected frames were captured as.TIF files onto a PC fitted with a frame-grabbing card and linked to a time-4 provided the same quantity of N (c. 5.6 mg), treatment 1, five times as much, and treatment 5, 0.2 as much.
base corrector. This enabled a series of images in a temporal sequence to be viewed simultaneously. Roots were identified on The -lysine solutions consisted of a 1 M labelled -lysine.2HCl stock solution containing a 451 mix of 15N-labelled screen with a unique code number. From the data on individual roots, root birth and death rates were calculated per frame. For (alpha-15N, 95-99 atom% 15N; Promochem Ltd., Hertfordshire, UK ) and 13C-labelled (1-13C, 99 atom% 13C; Promochem Ltd., this analysis, data were gathered from frame 5 only (10 cm depth), the site of patch addition, and compared with root Hertfordshire, UK ) -lysine added to unlabelled -lysine.2HCl (Sigma-Aldrich Company Ltd., Dorset, UK ) to obtain the final dynamics in the control patch at the same depth. required concentration. Details of the atom% enrichment, mg N, mg 15N, mg C, and mg 13C added in each patch are given in Plant and soil analysis Table 1 . One treatment was applied per microcosm tube. Hence
The roots extracted from the different sections (top, middle, each of the six boxes contained one replicate of each treatment.
bottom) at harvest were washed thoroughly, oven-dried at The patches were added by injecting the appropriate solution 60°C, weighed, and milled. The shoot material was also ovendown the gas sampling tube (Fig. 1 ) at a depth of 10 cm. An dried and weighed. A subsample of the root and shoot material 11.5 cm long, marked syringe needle was used so that the patch was analysed for total N and 15N by continuous-flow isotope could be accurately placed at the end of the injection tube.
ratio mass spectrometry (CF-IRMS ). The concentration of N Addition of the patches could be seen clearly on the video from the patch in the shoots harvested with time was calculated screen in operation at the same time to record root numbers at as: [15N atom% enrichment in the shoot/15N original atom% this depth on day 0 (see below). enrichment of the patch]. Total N (i.e. 14N and 15N ) derived from the patch was calculated using the equation: [(15N in Measurements and harvests experimental sample-background (i.e. 15N in the appropriate To monitor 13C release via respiration from the patch, gas control sample))×(100/atom% 15N )]. samples were taken by inserting a syringe needle (11.5 cm long)
Subsamples of the soil from the different sections of each into the gas sampling tube and removing 10 ml of the soil air tube were used for moisture content determinations (105°C ) from the patch zone. The sample was then injected into an and for total C, N, 13C, and 15N analysis. In addition, protozoan evacuated gas sample container ( Europa Scientific Ltd, Crewe, numbers and inorganic N content of the soil were determined UK ) for 13C analysis (see below).
as described in Hodge et al. (1998) . Protozoan biomass was To follow the uptake of N from the patch into the shoots, a estimated from their numbers by using approximate weights for single seedling was cut at the soil surface in each tube, ovenciliates, flagellates and amoebae (Griffiths and Caul, 1993) . dried at 60°C, weighed, milled, and analysed for total N and 15N (see below). Shoots and soil gas were sampled 1, 6, 10, 14, Statistical analysis 20, 24, 28, 34, 38, 42, 48, 52 , and 56 d after patch addition.
The data recorded at the destructive harvest only (56 d ) were Shoots were always sampled after the soil gas.
analysed using a General Linear Model (MINITAB 10.51). On day 56, the microcosm units were removed from the Data on samples taken over the duration of the experiment boxes and harvested. Once the mini-rhizotron and gas sampling (i.e. individual shoot material, soil gas samples and root tubes had been removed, each soil core could be removed intact demography) were analysed using the General Linear Model from its tube. The core was then cut into three sections, top, (repeated measurements) command in SPSS v 7.0. In all cases, middle (containing the patch zone) and bottom, each of 6 cm a randomized block design was used. Significant differences thickness. The remaining shoots were removed from the top referred to in the text were those where P<0.05, unless section and oven-dried at 60°C, weighed and analysed as below.
otherwise stated.
Root demography
On each sampling occasion, images of roots were recorded at Results 10 cm depth along the upper surface of the mini-rhizotron tube using an Olympus OES swing-prism borescope with fibre-optic
light source and a Sony PVS1 portable video system. Each Patch treatment affected net numbers of roots. The net number of roots visible in the patch zone was greater in 14 and 20, except for the 40 mM (1 ml ) patch ( Fig. 2a) .
Note that treatments 2, 3 and 4 contained the same amount of N, but Thereafter, the 1 M treatment had significantly more supplied in different volumes. Treatment 6 was the control. Treatments 1-5 contained C and N in the same molar ratio (2.551) roots than those in the control, 100 mM and 40 mM (5 ml ) patch, except at day 28 (40 mM, 5 ml ) and 42
Patch treatment mg mg Atom% mg mg Atom% (100 mM ). There was never a significant difference in net
numbers between the 1 M and 40 mM (1 ml ) treatments. to all other patch treatments (data not shown). This was
the only time when differences in instantaneous root births occurred and indicates that the patch was sufficient to trigger a marked proliferation response compared with those containing less N. In addition, cumulative deaths (Fig. 2c) were also significantly greater in the 1 M patch compared with controls at day 20 and weakly so (P= 0.054) at day 24.
The rate at which roots appeared (births) and died ( Table 2) were estimated from linear regressions of the means of the cumulative root birth and death data (Fig. 2b, c) . In two cases, cumulative root births exhibited a non-linear pattern; for these, two separate linear regressions were fitted. Root birth rate exceeded that in the control only in the treatment providing most N (1 M ) from days 6-24, and in that providing least N (40 mM, 1 ml ) from days 6-20. In the latter, the birth rate from days 20-52 was significantly lower than in the control. Root death rate was significantly higher than in the control in the 1 M treatment (P<0.10) and significantly 
Plant biomass and nitrogen capture
At final harvest, the dry weights of the remaining shoots and roots in the 1 M -lysine patch were significantly treatment had greater N contents than roots in the greater than in all other treatments. Dry weights (of both controls. There were no other significant differences roots and shoots) in the 40 mM (5 ml ) patch were greater between treatments. Nitrogen concentrations of the than in the controls but the other treatments did not shoots did not differ, but the N concentrations of the differ ( Fig. 3) . Root dry weight in the middle (patch roots in the 100 mM patch were greater than in those addition) section expressed as a fraction of total root dry from the 1 M patch. C5N ratios of roots and shoots were weight was not significantly different between treatments.
not significantly different between treatments. Nitrogen contents were greatest in the 1 M patch for shoots and roots ( Table 3) . Roots from the 40 mM (5 ml ) N uptake from the organic patch and patch decomposition The concentration of N captured from the patch and At harvest, roots from the top section of the soil core Table 3 . Total N content (mg N) and N concentration (mg N g− For statistical analysis N content data were untransformed and N concentration data were log transformed. Different letters show significant (P<0.05) differences between treatments.
contained more of the patch N than the other two sections of N but at different concentrations, did not differ ( Fig. 5a ). This trend was the same in the shoot and in all treatments, despite the middle section being the recovered root material. However, when the data were point of patch addition (data not shown). The total expressed as patch N captured per mg of N originally amount of patch N captured by the L. perenne shoots added in the patch, the shoots, and consequently the total was calculated by adding the patch N in the shoot sward, of L. perenne plants grown in the patch containing material removed over the course of the experiment to most N (1 M ) had captured a significantly smaller fraction that of the remaining shoots at harvest. The shoots (29%) of the available N compared to the other four contained 5-7 times more patch N than the roots. The treatments. Values for %N capture did not differ significamounts recovered in the shoots and roots were added antly between these other treatments (40-47%; Fig. 5b ). together to obtain a value for the N capture of the total There was no significant difference in the roots between L. perenne sward grown in each patch treatment. The L.
treatments. perenne plants grown in the highest N containing patch had captured significantly more N than plants in the Inorganic N and microfauna other patch treatments, while those in the lowest N patch had captured significantly less. Nitrogen capture in the At harvest, there was no significant difference in the concentrations of NO− 3 -N (P=0.499) or NH+ 4 -N (P= other three treatments, each containing the same amount Fig. 4 . Concentration (expressed as shoot 15N atom% enriched/original patch 15N atom% enriched) of 15N in the individual shoot material harvested with time in the 1 M (1 ml ) (2), 200 mM (1 ml ) (+), 100 mM (2 ml ) ($), 40 mM (5 ml ) (&), and 40 mM (1 ml ) (%) -lysine patches. Data are means (n=6) with SE bars. . were no significant differences in the amount of N recovered from the -lysine treatments, and no original patch Protozoan biomass was significantly (P=0.004) greater in the 1 M (1 ml ) -lysine patch (1563 ng g−1) than in all 13C was recovered. the others (mean across all other treatments 875 ng g−1). There was no significant relationship between soil NO− 3 -N Discussion or NH+ 4 -N concentration and log protozoan biomass. The amount of 13C in the soil gas was always low, and
The same proportional amount (c. 10-18%) of the 15N remained in the patch soil at harvest in all treatments, exceeded 0.01% of that initially added in the patch only on four occasions and in the same treatment (40 mM, presumably mostly incorporated in the microbial biomass. Between c. 40-50% of the patch N was unaccounted for, 1 ml ). However, the difference between that and the other treatments was significant at day 10 only, when 0.05% of which implies active denitrification. Leaching was probably not important as no excess 15N was detected from the original patch 13C was recovered from the 40 mM (1 ml ) patch compared to <0.01% for all others.
the soil in the bottom of the tube. In contrast, about 4% of patch 15N was recovered from the top section of the At harvest, the soil from the middle (patch addition) section contained amounts of 15N greater than backtube, which may have been due to NH 3 diffusion, microbial/microfauna movement or the release of labelled rhizoground (controls), equivalent to c. 10-18% of the N deposits from the roots into the soil. In contrast to the tion than simply increased biomass ( Fitter, 1994) , must have occurred since root birth and death rates were 15N, no original patch 13C was detected in the soil at harvest. As the plants were not taking up amino acids affected by patch type. Net numbers of roots in the patch were greatest in the intact (see below), the 13C from the patch must have been lost as 13CO 2 from microbial decomposition. However, two treatments which had the highest initial root birth rates (i.e. 1 M; 40 mM×1 ml ). Of these two treatments little mg 13C was recovered in the soil gas, even after 24 h, except paradoxically for the 40 mM×1 ml treatment to the one supplying the most N (1 M ) also had a faster root death rate than all the other treatments, indicating which the lowest amounts of -lysine was added. The data suggest that there was rapid microbial mineralization increased root turnover. In nutrient-rich soils shorter root life spans are generally observed (Aber et al., 1985 ; of the labelled carboxyl group, as has been previously shown for glycine and alanine (Fokin et al., 1993) . Pregitzer et al., 1995) . These results also show that root life spans were shorter in the most N-enriched patch, but Decomposing Lolium multiflorum shoots showed two respiration peaks with the first one, which was related to also that there were different mechanisms for maintaining roots in the patch, since root death rate was slower, thus the content of amino acids and sugars in the shoots, occurring before 24 h (Marstorp, 1996) et al., 1998) , in this study N was apparently taken up in inorganic form as there was no relationship between 13C the same amount of N, the two lowest concentrations (40 mM, 5 ml and 100 mM ) provoked no change in root and 15N in the plant tissue and 13C in the plant tissues were never more enriched than in controls. At harvest birth and death rates, whereas the most concentrated (200 mM ) reduced death rate but did not affect birth NO 3 and NH 4 concentrations in the patch soil did not differ between treatments. Presumably by this stage of rate. Finally, the weakest patch (40 mM, 1 ml ) caused an initial increase in birth rate but no change in death rate. the experiment, most of the NH 4 and NO 3 generated from the added -lysine had been utilized by either plant Despite these distinct patterns of altered root birth and death rates and net numbers within the patch, absolute uptake or microbial activity.
Although both biomass and N content at final harvest N capture was simply a function of the amount of N added (Fig. 5b) , irrespective of the concentration of N were a function of patch N content, N concentrations of the shoots did not differ among treatments ( Table 3) and or patch size, but the relative N capture was patchdependent. Importantly, the marked proliferation were c. 1-1.2% dry weight. However, concentrations of patch 15N recovered in the individual shoots sampled observed in the 1 M patch treatment did not enable N to be captured in proportion to concentration, since only with time did decline in all treatments in the latter part of the experiment ( Fig. 4) , either because plants increas-29% of the available N was captured compared to 40-47% N capture in the other treatments. This confirms the ingly used other N sources in the soil or because of translocation of some of the patch 15N back to the roots.
results of previous studies (van Vuuren et al., 1996; Hodge et al., 1998) which show that proliferation of roots within Cycling of N as amino acids between shoots and roots (Cooper and Clarkson, 1989; Marschner et al., 1996) is a nutrient-rich zone does not necessary result in increased resource capture from that patch. Presumably this was believed to be involved in the mechanism by which plant N status is signalled to the roots allowing both NO− 3 partly due to the increased microbial activity within the 1 M patch, as suggested by the significantly higher proto-(Imsande and Touraine, 1994) and NH+ 4 (Causin and Barneix, 1993) uptake to be regulated. In this study at zoan biomass present at harvest in this treatment. Protozoan biomass is an indicator of the preceding microfinal harvest most of the patch N was recovered in the shoots. This suggests translocation rates back to the roots bial activity (Sohlenius, 1990; Christensen et al., 1992) and gives a better estimate of microbial activity than were low. Even within the root system more patch N was recovered from the top section of roots rather than those measuring actual microbial biomass (Andren et al., 1988) . Micro-organisms may be better competitors for N than in the actual patch addition zone implying a net flux away from the patch. Furthermore, it was striking that roots (Jackson et al., 1989) . Consequently, although there was more N available in the 1 M (1 ml ) patch, the roots root dry weight in the patch zone as a fraction of the total root dry weight was not significantly different among had to capture this N in competition with a larger microbial component than in the other treatments. treatments However, alterations in the architecture of the root system, which are more important for patch exploitaFurthermore, as there was increased root turnover within
